INTRODUCTION
This protocol is focused on using optics to study neuropeptide release and peptidergic vesicle mobility in vivo. We developed these methods for four reasons. First, neuropeptides regulate behavior, mood and development and so are essential for operation of the nervous system. Second, like fast synaptic transmission, neuropeptide release occurs at nerve terminals in response to electrical activity. Thus, general neurotransmission mechanisms can be discerned from studies of neuropeptide release. Third, neuropeptides are synthesized in the neuronal cell body (also called the soma) and transported to nerve terminals. Because this is true for all proteins involved in neurotransmission, studying neuropeptide vesicles can reveal insights into how synapses maintain function and undergo plasticity despite being very far from the cell body. Finally, movement and release of single large dense core vesicles can be resolved in nerve terminals in vivo because green fluorescent protein (GFP)-tagged neuropeptides are highly concentrated in these organelles. In contrast, this has not been possible for small synaptic vesicles. Here, we present methods for studying neuropeptide vesicle exocytosis and motion in the Drosophila larval neuromuscular junction (NMJ). Our goal is to explain for novice fly researchers and Drosophila experts with limited quantitative imaging experience how to perform and analyze results from in vivo optical experiments.
The experimental preparation A key advantage of working with fruit flies is that thousands of lines are readily available from stock centers (see Flybase (http:// www.flybase.net)) for a nominal fee, as well as from individual laboratories. We have worked extensively with flies that express emerald GFP-tagged ANF (atrial natriuretic factor) under the control of a promoter that is sensitive to the yeast transcription factor GAL4, and a newer line that expresses ANF tagged with Topaz fluorescent protein [1] [2] [3] [4] . By crossing such flies with other lines that express GAL4, expression of the GFP-tagged neuropeptide/ hormone can be induced. Even though there is no ANF homolog in Drosophila, evolutionarily conserved sequences lead to packaging into secretory vesicles in fly neurons 1 and behaviorally evoked release that is comparable to native peptides 5, 6 (but see ref. 7 for a developmental effect). Neuropeptides are not taken up by endocytosis unless a specific receptor is present to mediate such transport. Thus, the use of peptide that is not present in the fly genome ensures that changes in the GFP-tagged neuropeptide content of a nerve terminal arise only from vesicle transport and exocytosis.
For the novice, maintaining such flies is a simple matter that is facilitated by the availability of commercial sources for all needed supplies (e.g., vials, pre-made fly food) such as Applied Scientific (distributed by Fisher) and Carolina Biological Supply. Likewise, the Flybase website and numerous methods books 8, 9 provide basic information on maintaining flies and preparing the filleted 3rd instar larval preparation we use to image the NMJ.
In general, we have adopted approaches developed for studying fast transmission at the larval NMJ. For example, we take a number of precautions to minimize muscle contractions, which disrupt imaging of the live NMJ (see PROCEDURE, Step 2) . However, we do not cut motor nerves. Although this prevents central activation of motor neuron terminals and facilitates nerve stimulation via a suction electrode, we found that cutting the motor neuron axons compromises synaptic neuropeptide release. Therefore, we leave motor nerves intact in all of our experiments, and brain-triggered motoneuron activity is inhibited by cutting the ventral ganglion to prevent communication between motoneurons and the central pattern generator responsible for driving larval translocation 10 . Also, we often use the high-Mg/Ca saline HL3 to reduce spontaneous activity [2] [3] [4] .
Stimulation
A loop of motor nerve can still be stimulated electrically via a suction electrode. Alternatively, nerve terminals can be stimulated by application of high-potassium salines [2] [3] [4] . However, as this induces global depolarization, muscle contraction is also induced. Thus, in contrast to electrical stimulation, release and vesicle mobilization are not typically imaged during the depolarization
induced by bath potassium. Instead, the medium can be replaced (e.g., with a zero-calcium, normal potassium saline) and imaging resumed after muscle contractions have subsided. The high magnesium content of HL3 is an advantage for minimizing muscle contractions, but also inhibits the calcium influx that triggers exocytosis. Thus, for experiments in which maximal release is desired, standard saline is used [2] [3] [4] .
Acquisition of GFP-tagged peptide data
The simplest instrument for optically measuring neuropeptide release and vesicle movement is the standard epifluorescence wide-field microscope. Light gathering is efficient because light is not discarded, which differs from the confocal microscope. However, both in focus and out of focus light is collected. Fortunately, out of focus light is fairly minimal in the larval NMJ. Thus, we have used wide-field microscopy for most of our measurements of neuropeptide release and peptidergic vesicle mobilization and transiting.
The single most important component of a fluorescence imaging setup is the microscope objective. Although one might assume that magnification (M or power) is important, numerical aperture (NA) of an objective is more important. NA determines the capacity to concentrate illumination light, which is proportional to NA 2 , the capacity to gather emitted light (also proportional to NA 2 ) and the resolution of the image (l/2NA transverse, 2lZ/NA 2 axial, where l is the wavelength of emitted light and Z is the refractive index of the medium). Therefore, the overall fluorescence signal is a strong function of NA (i.e., proportional to NA 4 /M 2 ), and the brightness of point-like features (e.g., the image of a single vesicle) is yet stronger (i.e., being proportional to NA 6 /M 2 ) (ref. 11). The filleted larval preparation can only be viewed from above with an upright microscope. Hence, it is most important to use the highest NA direct water immersion ('dipping') objective possible.
Because the imaging device discretely samples the image field, a key parameter is the magnification of the microscope image on the camera chip. Release measurements, in which the neuropeptide content of a terminal is followed with little interest in vesicle movement, do not require high spatial resolution. Under these circumstances, less magnification, larger pixels or combined binned pixels are desirable because noise in the intensity measurement is minimized. However, to resolve individual vesicles, the Nyquist criterion should be satisfied: the sample interval (pixel spacing) should be one-half of Abbe's resolution limit (pixel width should be Ml/4(NA), where M is the magnification of the system in the plane of the camera) 11 . If pixels are smaller than given by the above equation, one is oversampling. This produces more noise with no gain in real information. Of course, the pixel size on the camera chip may not be optimal for the magnification and NA of a given objective. However, such mismatches can be corrected with magnifier changer attachments for the microscope.
Another important parameter is the intensity of illumination. This has to be adjusted to yield a maximal signal without photobleaching the chromophore (ANF-GFP in our case). Typically, we attenuate the light from arc lamps with the use of neutral density filters or the aperture diaphragm of the epifluorescence adapter. Of course, photobleaching accumulates with repetitive bouts of illumination and so the number of images required for a given experiment impacts on the chosen illumination intensity. Finally, it is also important to use a regular schedule of illumination during an experiment (i.e., do not vary the period between exposures) as some fluorescent proteins show complex time dependence owing to blinking behavior and reversible photobleaching 12 .
Analysis of fluorescent vesicle data: measuring release and mobility in nerve terminals Although one can easily watch movies generated from imaging data, the psychology of human vision affects the subjective interpretation of such data. Thus, the only way to accurately analyze GFP-labeled vesicle data is to transform pictures into numbers so that objective statistical criteria can form the basis for conclusions. We typically transform our images into a standard format (e.g., TIFF (tagged image file format)) and then use the public-domain program ImageJ (see http://rsb.info.nih.gov/ij/) to analyze our experimental results. ImageJ contains many useful tools and plug-ins to facilitate this effort. For example, one problem with studying the NMJ is that a minor muscle twitch can lead to a shift in the image. ImageJ includes subroutines to register the images so that such horizontal displacements are removed. Registration cannot correct for vertical movements and so only in-focus images can be used for quantification. Typically, we measure the fluorescence in a bouton and use a region without GFP-neuropeptide for background subtraction. By repeating this procedure, it is possible to assay peptide release as the percentage drop in fluorescence following stimulation.
If one is fortuitous enough to be able to detect and follow individual vesicles, single particle tracking can be used to determine vesicle trajectories and flux (i.e., the number of vesicles passing through a region per unit time). Although the diffraction limit affects the apparent size of a vesicle image, precision in determining the position of the center of the vesicle image, which occupies many pixels, is only limited by image signal-to-noise ratio: generally, the width of the diffraction-limited vesicle image divided by the square root of the number of photocounts in that image feature. Thus, from a series of images, the trajectory of a vesicle can be determined and its velocity can be measured. It is informative to plot d 2 versus time, where d is the distance from a point of origin. If such a plot is linear, then the motion of the vesicle conforms to the diffusion equation (i.e., it appears to be by a random walk). On the other hand, a plot with positive curvature is consistent with motormediated motion on a linear cytoskeletal track, whereas a curve that plateaus can be indicative of motion within a cage.
Often there are too many vesicles in a nerve terminal to resolve for single particle tracking. Under such circumstances, the fraction of vesicles that are mobile and the diffusion coefficient for those vesicles can be measured by fluorescence recovery after photobleaching (FRAP, also known as fluorescence photobleaching recovery or FPR). We have used the scanning laser of a confocal microscope to photobleach GFP-tagged neuropeptidergic large dense core vesicles, small synaptic vesicles, potassium channels and a G protein 2, [13] [14] [15] [16] . The basis of the method is that if a region is photobleached and the target (e.g., neuropeptide vesicles) is mobile, then the fluorescence in the photobleached region should recover as fluorescent vesicles from surrounding unbleached areas diffuse to replace their photobleached companions. The speed of recovery depends upon the diffusion coefficient (D) of the tagged objects and the width or diameter of the photobleached pattern. The basic relation for FRAP in a diffusing system is D ¼ gr 0 2 /t, where r 0 is the pattern width, t is the observed recovery time constant and g is a geometry-dependent numerical factor. The mathematical form of the recovery curve also depends upon the geometry of the pattern, such as the steepness of the initial tracer gradient. The geometrical factors are important because they affect the path that unbleached vesicles must traverse during FRAP and because recovery depends on the gradient in fluorescence between the bleached and unbleached regions. Therefore, to determine the diffusion coefficient of vesicles, it is crucial to take these geometrical considerations into account. However, the fold change in the diffusion coefficient with a stimulus is always inversely proportional to the fold change in the half-life of FRAP. Thus, it is easy to measure relative changes in vesicle diffusion directly from FRAP data. Also, the limited extent of FRAP (i.e., a recovery less than 100%) can also be determined directly from data after correction for tracer dilution in finite compartments, giving the fraction of mobile vesicles. In principle, a biological stimulus could affect both the diffusion coefficient and mobile fraction of secretory vesicles.
There are a variety of approaches for determining diffusion coefficients from FRAP data. For example, fluorescence can be quantified in regions that were either photobleached or that contained fluorescent vesicles far from the photobleached region. A ratio can then be calculated between the intensity in these regions. This ratio will not be affected by photobleaching that occurs while gathering recovery data (i.e., during the period when many images are acquired with moderate levels of illumination). The half time of recovery can then be used to calculate the diffusion coefficient after one takes into account the shape of the photobleached region (e.g., whether the bleached region was a circle or a line) and the bleach depth and profile. Traditionally, this was performed by formulating a geometry-specific mathematical model for fitting FRAP data. However, an alternative general approach to FRAP analysis of diffusion systems, such as movement of synaptic vesicles in nerve terminals 16 , can be made through the use of the image Fourier transform 17 without any explicit modeling. Because bleaching is usually carried out with sufficient depth of focus, recovery from above and below the plane of focus is insignificant and thus can be considered twodimensional with either method.
The basis of the Fourier method derives from the fact that a pure sinusoidal concentration pattern relaxes as a pure exponential under diffusive transport: c(x,t) ¼ c 0 sin(kx) exp(-Dk 2 t), where k is the spatial frequency of the pattern in radians per unit length (k ¼ 2p/L, where L is the spatial period), D is the diffusion coefficient and t is time. As the Fourier transform decomposes a signal or image into a spatial frequency spectrum of pure sine and cosine waves, the decay of individual Fourier components in a time-lapse image sequence after photobleaching should be exponential, with rate proportional to D. The k 2 dependence causes high-frequency components to decay much faster than low-frequency components.
Photobleaching and single particle tracking can also be combined. Indeed, this led to the discovery that neuropeptide vesicles transit through synaptic boutons (see Supplementary Video 1 online) 3 . In those experiments, whole boutons were photobleached to nearly eliminate the signal from the B260 resident vesicles in a bouton.
With a lower background, it then became possible to follow individual vesicles as they arrived at and left boutons. Analysis of this vesicle flux revealed that the rebound in peptide content following release was caused by capture from a pool of vesicles that had been transiting through the terminal before stimulation.
Image correlation measurements offer a third strategy for quantifying changes in vesicle mobility. In its simplest form, pixel-bypixel correlation coefficients (CCs) are determined between sequential registered images obtained in a time-lapse series. Such CCs can be calculated in many software packages including ImageJ. If there is no vesicle motion and there is little noise, then a CC near 1 will be obtained because the images will be identical. However, the CC will change with vesicle mobilization. More intensive analysis called image correlation spectroscopy uses the time dependence of the CC to calculate diffusion coefficients. However, this methodology requires favorable optics and geometry for a rigorous treatment. In vivo vesicle mobilization in Drosophila boutons detected with wide-field microscopy (see Supplementary Videos 2 and 3 online) is not ideally suited for the latter approach. Therefore, changes in the CC have been used to quantify mobilization. This approach is advantageous because it is unbiased and quantitative. However, the change in vesicle motion cannot be quantified on a linear calibrated scale. Also, the sensitivity of the signal drops with increasing number of vesicles; therefore, FRAP may be better suited for boutons with 41,000 vesicles. Nevertheless, this assay served as the basis for discovering that vesicle mobilization lasts for minutes following seconds of activity 2 and is currently being used to determine the signaling underlying this synaptic effect.
Here, we first describe how to stimulate the Drosophila NMJ and then how to monitor release and vesicle mobilization using FRAP and correlation analysis.
Background information about the model system
We have worked most extensively with flies that express GAL4 driven by pan-neuronal (elav-GAL4) and peptidergic cell-specific promoters (386-GAL4). For release studies, it is sufficient to cross either of the above lines with UAS-ANF::EMD (Bloomington stock 7001). However, these progeny will be heterozygous for both the GAL4 driver and the GFP-tagged peptide gene. Stronger fluorescence signals are evident in homozygous animals (see Table 1 ), which can be obtained from the corresponding author. These flies can be grown on a variety of media, but for convenience, we use a prepared food (Jazzmix). Wandering third instar larvae are dissected and filleted 8 . This is carried out in zero-calcium saline to ensure that the dissected animal is paralyzed. The ventral ganglion is then cut to disconnect input from central pattern generators to the intact motor neurons 10 . For electrical stimulation, the bathing solution is replaced with a calcium-containing solution (e.g., HL3). However, muscle contractions are minimized by stretching the animals out with movable magnetic pins 8 and inclusion of chemicals in calcium-containing saline to desensitize (10 mM glutamate) or block (100 mM 1-naphthylacetyl spermine trihydrochloride) postsynaptic glutamate receptors. (Fig. 1) by punching a hole in adhesive business card magnets, attaching the magnets to a 75 mm Â 50 mm glass slide and sealing the edges with silicone glue. Insect pins (Carolina Biological) were epoxied onto magnetic steel washers. The advantage of this chamber is that a larva can be filleted, pinned down and then stretched by sliding the pins. This facilitates viewing the preparation and ensures that the NMJ movement is minimized. Electrical stimulator For electrical stimulation, mount a simple manipulator on a rail attached close to or on the microscope stage. Use a standard side port patch clamp pipette holder with a Ag/AgCl wire for mounting the electrode. Using a low-power objective (e.g., Â4), suck a loop of nerve into the stimulation pipette. Then move the stage to view nerve terminals without disturbing the motor nerve. Place the ground electrode in the bath. Data collection Use high-NA objectives for viewing the NMJ. Collect data with a cooled CCD camera with a computer-controlled shutter to ensure a regular schedule of illumination with minimal photobleaching. Ideally, one would like to use the most sensitive, fastest and lowest noise camera available. Of course, these parameters depend on price. Currently, useful cameras cost anywhere from $6,000-40,000. An important point in coupling the camera to the microscope is to make sure that magnification and pixel size on the CCD camera chip are matched so that one can acquire data at the necessary level of resolution. For example, we add an additional Â1.2 magnification when we use a Â60 1.1 NA objective along with a camera having 7.5 mm CCD pixel elements.
PROCEDURE
The larval NMJ preparation 1| Obtain appropriate flies: for release studies, it is sufficient to cross either flies that express GAL4 driven by pan-neuronal (elav-GAL4) or peptidergic cell-specific promoters (386-GAL4) with UAS-ANF::EMD (Bloomington stock 7001). However, these progeny will be heterozygous for both the GAL4 driver and the GFP-tagged peptide gene. Stronger fluorescence signals are evident in homozygous animals, which are freely available (e.g., from the corresponding author). Grow flies on appropriate media; for convenience we use a prepared food (Jazzmix). ? TROUBLESHOOTING 2| Dissect and fillet wandering third instar larvae 8 . First place the animal in zero-calcium saline to ensure that the dissected animal is paralyzed. Place pins on the head and tail of the animal and then use iridectomy scissors to cut along the dorsal midline and laterally so that the animal's body wall can be pinned out to form a flat sheet (see Fig. 1 ). Dissect out intestinal tract and then cut the ventral ganglion to disconnect input from central pattern generators to the intact motor neurons 10 . Slide the pins to stretch the animals out to minimize muscle contractions. 3| If performing electrical stimulation, replace the zero-calcium saline from Step 2 with a calcium-containing solution (e.g., HL3) supplemented with chemicals to desensitize (10 mM glutamate) or block (100 mM 1-naphthylacetyl spermine trihydrochloride) postsynaptic glutamate receptors.
4| Construct suction electrodes. We construct suction electrodes from micropipette glass. Filament glass is used to ease back filling of the pipette. With a patch pipette puller, it is possible to fabricate an electrode with a 5-10 mm tip. Alternatively, the tip of a smaller pipette can be broken to yield an opening in this size range. The goal is to fabricate a pipette so that a loop of motor nerve can be sucked by mild mouth suction to fit into the tip snugly. This ensures that stimulation via a silver/silver chloride wire in a standard patch pipette holder efficiently induces excitation of motoneuron axons. Because the suction electrode can be reused for multiple experiments, this step is required only occasionally.
5| Stimulate motor nerves with voltage pulses. Typically, duration for each pulse is set to 0.5 ms and the voltage is varied to find the threshold for evoking a muscle contraction following a single stimulus. The voltage is then set at double the threshold and the stimulator is set so that it can produce a burst (e.g., 70 Hz for 15 s) of stimulation during the experiment. This stimulation paradigm is sufficient for evoking release for 2 min. For longer periods of secretion, repetitive bursting stimulation is effective (e.g., 15 s of 70 Hz stimulation followed by 15 s of no stimulation, repeat). An alternative approach that is technically easier is to bath apply high-potassium HL3.
? TROUBLESHOOTING Data acquisition 6| Typically, acquire images with exposure times of 80-200 ms every 3 s. However, the appropriate number of images to acquire varies with the experimental design. For example, release measurements may only require a few images to establish a constant baseline before stimulation and another comparable set shortly after stimulation. However, to image the rebound in peptide content owing to capture of transiting vesicles, which peaks 5-10 min after stimulation, much longer time courses are required. Either images have to be acquired at greater intervals or in greater number. Mobility measurements using correlationbased approaches (see below) by necessity also require many images for each measurement. Thus, the experimental design determines the required number of images. Obviously, greater image acquisition is accompanied with more photobleaching, which is reflected in an irreversible downward drift in fluorescence. Hence, the level of illumination, as well as magnification and binning settings, should be adjusted differently for release and vesicle mobility measurements. ? TROUBLESHOOTING
Confocal photobleaching 7|
To conduct FRAP measurements, a photobleach step must be inserted into the experiment. Depending on the experimental design, this can be performed either before or after stimulation. Two types of protocols can be used to photobleach a stripe. First, for the thinnest possible photobleach profile, repeat a line scan. Alternatively, a rectangular profile can be used. In either case, use maximal power of the 488 nm argon laser line. We typically photobleach until the fluorescence in the target region is reduced by B70%. This seems to be sufficient for obtaining a large dynamic range without inducing photodamage. Once the bleaching is complete, resume data acquisition with a wide-field microscope and the CCD camera. As a control, repeat the photobleach. If the time course and extent of FRAP are similar, photodamage was not likely to be significant. However, if the second FRAP response is different, it is possible that photodamage occurred and so the bleach intensity should be decremented. To verify that conventional and ''reversible'' photobleaching 12 are not problematic, the preparation can be fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline. This induces crosslinking to prevent vesicle movement. Thus, there should be no FRAP after fixation. As an alternative approach, the confocal laser can be used to photobleach and acquire recovery data. However, detection with a CCD camera by wide-field microscopy can be more sensitive. Indeed, the latter approach was used to detect transiting vesicles because of the limited sensitivity of an old scanning confocal microscope. However, transiting vesicles are readily detected after photobleaching with some newer models (e.g., Olympus Fluoview 1000).
8|
Continue to acquire images following photobleaching.
Data analysis 9| Save images in TIFF format and import into ImageJ using the File, Open command.
10| Combine separate images from a single experiment to make a stack: Click on Image, Stack and then Convert Images to Stack. This ensures that any command applied to the first image will be repeated for all the images in a stack. If there is horizontal movement of the NMJ, this can be corrected with registration using the Rigid Body option of the Stackreg plugin, which requires installation of the Turboreg plugin.
11| For release measurements, measure peptide fluorescence in a region of interest (ROI) such as a synaptic bouton. This is performed by clicking on a shape icon and drawing the ROI. Then click Analyze, set measurement to Intensity and then click Measure. These results can then be copied and pasted into a spreadsheet program (e.g., Excel). Drag the shape to a different area for background measurements. Subtract these values from the values of the original ROI to determine the change in intensity, which reflects peptide content. Fourier analysis of FRAP data for single stripe photobleaching 12| Perform Fourier analysis of FRAP data in ImageJ with the following steps (see Fig. 2 ). First, select square 2 n Â 2 n FRAP subimages (ROIs) and a pre-bleach image (i.e., the number of pixels on each side of the square ROI must be a power of 2 such as 64, 128, 256 or 512).
13|
Compute difference images using the image calculator in ImageJ with Image Calculator or the Image Calculator Plus plugin.
14| Run fast Fourier transforms (FFTs under the Process option), which produce unscaled power spectral density (PSD) images.
15|
In each image produced in Step 14, locate the center of the power spectrum (i.e., the central pixel in the PSD image with the greatest intensity). The PSD image is symmetric about this pixel. Select one pixel to the left or right of the central pixel and tabulate the intensity at this position for each time point.
16|
Plot the natural logarithm of the intensities of the values found in Step 15 (i.e., ln(PSD(k,t)) versus t, where t is the time in seconds after photobleaching. Figure 2h shows examples of this plot for eight different values of k. Step 1: Obtain Drosophila stock that expresses ANF-GFP and wait for appearance of wandering third instar larvae on the side of vial; o2 weeks
Step 2: Dissect and fillet wandering larva from an established stock; 5-10 min Steps 3-6: Electrically stimulate motor nerve; 10-30 min Steps 7 and 8: Photobleach the region of interest and monitor FRAP; 20 min Steps 9-11: Analyze release; 15 min Steps 12-16: Fourier analysis of FRAP; Z30 min, depending on the size of the data set
Step 17: Correlation analysis; Z30 min, depending on the size of the data set ? TROUBLESHOOTING Troubleshooting advice can be found in Table 1 .
ANTICIPATED RESULTS
The above protocol details how to use fluorescence microscopy to image neuropeptide vesicle behavior in the Drosophila NMJ. These methods were used to demonstrate vesicle mobilization at synapses for the first time and to discover the unanticipated phenomena of activity-dependent capture of transiting vesicles and post-tetanic potentiation of neuropeptide release 2, 3 . For example, fluorescence intensity measurements reveal release as a loss of peptide signal and the following recovery of peptide fluorescence (Fig. 3) , which flux analysis revealed is due to capture of transiting vesicles 3 . Furthermore, mobilization can be detected by correlation analysis in time-lapse experiments (Fig. 4) or FRAP (Fig. 5) .
In fact, the data acquisition and analysis techniques described here are not limited to any one preparation or fluorophore and so will be applicable in addressing many key issues in the field of synaptic function and plasticity, especially as investigators move from in vitro to in vivo preparations. 
